Introduction
As magnetic fields generated by the human brain and heart are extremely weak, a magnetically shielded room (MSR) must be installed to reduce magnetic noises. Especially in the case of biomagnetic measurements such as the MEG (magneto encephalogram) and the MCG (magnetocardiogram), of which the signals always exist in the frequency range less than several ten Hz, the following magnetic noises must be reduced by the MSR; noises at less than 1 Hz due to elevators, and noises at several ten Hz due to air conditioners, fans, electric lines and medical equipment. An analytical expression derived by Wills [1] and an approximate formula by Mager [2] have been used to predict the shielding effect of a MSR. Those formulas, however, cannot calculate the contributions of eddy currents and door construction. The popular MSR designed for biomagnetism is composed of a magnetic material such as permalloy (PC) and conductive materials such as aluminum and copper. The expected effects of those materials are to reduce magnetic noises at less than 1 Hz, at several ten Hz and at the radio frequency, respectively [3] . It is pointed out that the shielding effect at above a few Hz depends on the combination of magnetic and conductive layers [4] . In this paper, the 3-D magnetic field analysis is carried out by using the finite element method taking account of eddy currents [5] to estimate an effective combination of magnetic and conductive layers. The consequences of the analysis can be applied to the optimal design of a MSR in the frequency range from 0.01 Hz to several ten Hz. The numerical simulation is verified by comparing results computed with those measured in terms of the shielding factor and the phase shift of magnetic noises generated by the dc electric railcar nearby. The shielding factor of a MSR composed of only PC layers is also compared with that obtained from the formulas by Wills and Mager for the verification. In the magnetic field analysis, the 3-D finite element method is applied, which employs the magnetic vector potential and hexahedoral edge elements [5] .
Methods of analysis and measurement
The shielding factor at the center point O is measured by using a fluxgate magnetometer (Applied Physics Systems, APS520A). The fluctuations of environmental magnetic fields inside and outside the MSR are measured simultaneously by using a SQUID magnetometer and a fluxgate magnetometer, respectively. Figure 2 shows the computed spatial distribution of the y-component of the flux density, By, along the y-axis in the MSR normalized by the applied ampere-turns, nI. Table 1 shows the analyzed and measured frequency dependence of shielding factor at the center point O. Tables 2 and 3 show the effects of the layer combination and the door construction on the shielding factor at the center point O, respectively. Figure 3 shows the computed spatial distribution of flux density vectors at the rear side of the MSR. The frequency is 0.1 Hz. The shielding factor, SF, is defined as a ratio of the flux density in the case with the MSR to that without the MSR. As shown in Table 1 , the SF's at 0.1 and 1.0 Hz obtained from the analysis are about a half of those by the measurement. SF at 10 Hz is almost the same as that by the measurement. The tendency of frequency dependence of SF analyzed is fairly in agreement with those measured. As shown in Table 2 , the SF of no. L-7 (outer and inner PC's, spacing: 180 mm) is about twice as large as that of no. L-6 (outer and middle PC's, spacing:100 mm). 
Results
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indicates that the Al layer itself can increase the shielding effect by the PC-Al-PC sandwiched combination. It is supposed that the eddy current effect of the Al layer is increased by the concentration of magnetic flux by the PC layers at both sides of the Al layer. As shown in Figure 3 , the flux density vectors of no. L-10 with the Al layer are smaller than those of no. L-6 without the Al layer. This is due to the eddy current effect of the Al layer. When a MSR having three layers composed of two PC layers and one Al layer is designed taking account of a low cost, a sandwiched PC-Al-PC combination is optimal. As regards the door, the Al door is required to shield the electromagnetic field at the high frequency of 1 MHz, because operation of a SQUID magnetometer is affected by the RF field [6] . Therefore, the layer combination of door must be discussed under the condition that the Al door is included. The magnetic and electric connections between the wall and the door depend on the number of PC layers, which means the weight of a door. Therefore, it is required that the number of PC layers of the door is decreased. It also results in a low cost. As shown in Figure 2 the standpoint of the door construction, no. D-4 is supposed to be optimal. Figure 4 shows the fluctuations of magnetic fields in the vertical direction inside and outside the MSR (no. L-14) which was installed measured by using a SQUID magnetometer (Seiko Instruments) and a fluxgate magnetometer, respectively. The SF of about 115 between them can be obtained as a ratio of the magnitude of fluctuation of flux density in the case with the MSR to that without the MSR. The SF is not so different from the SF of 91, which was obtained by the analysis as shown in Table. 2. On the other hand, when the fluctuation of the magnetic field inside the MSR shifts for 2.4 sec, the maximum coefficient of correlation 0.93 is obtained between the magnetic fields inside and outside the MSR. The time difference of 2.4 sec is equivalent to the phase shift of 86 degree in case of 0.1 Hz. This tendency is very similar to that obtained from the analysis as shown in Table. 2. 
Measurement of inside and outside of actually installed MSR
Conclusion
An effective combination of magnetic and conductive layers of wall and door for the optimal design of a MSR is estimated by using the 3-D magnetic field analysis taking account of eddy currents. The method of analysis is verified by comparing the frequency dependence of the shielding factor computed with that measured, and by comparing the effect of the spacing between the PC layers computed with that obtained from the formulas by Wills and Mager. An Al layer itself can increase the shielding effect by a sandwiched PC- Al-PC combination even at frequencies at which only Al layer has no shielding effect. As regards the door construction, the door composed by the Al and outer PC layers is supposed to be optimal. The analyzed results on the shielding effect and the phase shift are validated by the measurements of magnetic noises inside and outside an actually installed MSR, which is supposed to be generated by the dc electric railcar nearby.
